We consider the effective field theory generated by a heavy mediator that connects Standard Model particles to a Dark Sector, considering explicitly the flavor structure of the operators. In particular, we study the model independent running and mixing between operators, as well as their matching at the electroweak scale. In addition to the explicit expression of the Renormalization Group Equations, we show the numerical solutions as well as some approximate analytical expressions that help understanding these solutions. At low energy, our results are particularly important in the case of light dark sectors communicating to the b quark, and can be immediately applied to flavored Dark Matter.
Introduction
Over the last few years, dark sectors have started to play an increasingly important role in Beyond the Standard Model (BSM) physics. The reason is twofold: on one hand, the null results from the LHC and other experiments are pushing 'traditional' BSM theories to more and more tuned regions of their parameter space, motivating the search for new unconventional signatures [1] [2] [3] . On the other hand, dark sectors are implicitly present in many Dark Matter (DM) models (especially in connection with light mediators, see for instance [4] ), and are starting to appear in more recent solutions of the Hierarchy Problem like Twin Higgs [5] , Folded SUSY [6] and the relaxation of the electroweak (EW) scale [7] . In addition, many dark sectors predict the existence of Long-Lived Particles (LLPs), for which a new extensive experimental program is being developed (see for instance [8] ).
Of course, given the plethora of possible dark sectors with different symmetries and particles, a general analysis is impossible, and some broad assumption must be made. What we consider in this paper is a generic dark sector, communicating with the SM via some unspecified mediator X whose interactions are allowed to be flavor off-diagonal. If the mediator is somewhat heavier than the typical energy scale of low energy experiments (say a few GeV), then the mediator can be integrated out, generating effective contact interactions of the type
where J D and J SM are currents involving, respectively, dark and SM fields only, c is an appropriate coefficient ensuring the right dimensions, and we do not write possible Lorentz indices. This generic framework resembles typical Hidden Valley constructions [1, 9] , and can be obtained with a variety of mediators [3] . Also, the nature of the dark current depends crucially on the details of the dark sector, as it can be composed by elementary or composite fields. Since we will remain agnostic about the details of the dark sector, we dub the Effective Field Theory (EFT) defined in Eq. (1.1) by 'dark sector EFT'. Specific cases have already been analyzed in the literature, as we are going to see.
In order to compare the Wilson coefficients in Eq. (1.1) with experimental data, care must be taken with the fact that renormalization group effects can (and generically will) be important. The running and mixing of operators written in the form of Eq. (1.1) has been studied in detail in the case in which J SM is diagonal in flavor space and J D is a Dark Matter current [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , and has been applied to the case of DM with mass in the MeV range in Ref. [20] . Some code has also been publicly released [21, 22] , computing numerically the solution to the Renormalization Group Equations (RGE's). As a matter of fact, as long as we do not consider dark particles in the loops, the results of Refs. [15, 22] can be applied to any dark sector coupling to the SM via some flavor-blind heavy mediator, and not only to the case of Dark Matter currents.
The purpose of this paper is to extend the analysis of the running and mixing of the dark sector EFT operators supposing the mediator to be heavy and flavorful. Such a mediator has already been considered in the framework of flavored Dark Matter (see for instance [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] ), but the running of the EFT has never been considered before. We keep our analysis as general as possible, without committing to a specific dark sector or requiring Dark Matter to be present. We restrict our analysis to the mixing of effective operators written as in Eq. (1.1). Of course, this is still not the complete renormalization of the dark sector EFT. As already mentioned, as long as the nature of the dark sector itself is not specified, nothing can be said about operators of the form J SM J SM , which are generated by loops of dark particles (this has been studied recently in the context of Dirac Fermion DM EFT in Ref. [37] , and in the case of flavorful mediators could, for instance, generate contributions to meson mixing operators). The information is of course fundamental for the comparison between data and theory but depends strongly on the nature of the particles running in the loops. As such, we decided to focus here only on the model independent information that can be extracted from the running and mixing of the dark sector EFT operators. We will study elsewhere the effects of dark particles in the loops.
The paper is organized as follows: in Section 2 we build the dark sector Effective Field Theory, describing the operators considered above and below the EW scale. In Section 3 we discuss the RGE's and show the matching needed in evolving the Wilson coefficients from high to low energy. Finally, Section 4 is devoted to the numerical results and to possible phenomenological applications. We give our conclusions in Section 5.
Dark Sector Effective Field Theory
We start in this Section with the definition of our framework. The effective Lagrangian contains the SM Lagrangian, the kinetic term for the dark fields and the interactions between the dark sector and the SM particles. As explained in the Introduction, we will work with interactions which are products of a dark and of a SM current,
The index a runs over all possible currents, while (i, j) are SM family indices. We do not write explicitly possible Lorentz indices. The dark currents can have a variety of forms, depending on the nature of the dark sector. For instance, they can be constructed out of fundamental fermions (like J µ
, or they can be constructed out of composite objects (pions or baryons) if the dark sector is strongly interacting at low energies [19, 38, 39] . Depending on the dimension of the currents, the appropriate n must be chosen. Since we do not want our conclusions to depend on the nature of the dark sector, in this work we will leave unspecified the nature of the dark current, making only the broad assumption that it is a complete gauge singlet. Our conventions for the SM fields are presented in Table 1 and in Appendix A.
Let us first consider the EFT above the Electroweak scale. In this case, we demand the SM currents J a SM to be complete gauge singlets under SU (3) c × SU (2) L × dimensions currents Wilson coefficient flavor transformation U (1) Y , with particle contents and charges given in Table 1 .
The assumption can of course be relaxed, see for instance Ref. [16] . The SM currents can be classified according to their dimensions, while the coefficients (C a ) ij in Eq. (2.1) can be classified based on their transformation properties under the SM flavor group
3) e R (explicitly broken by the Yukawa couplings). This is shown in Table 2 . At the level of d = 2 and d = 5/2 we have the scalar Higgs, hypercharge and neutrino portals, which are the only currents that allow for renormalizable interactions between the SM and the dark sector. These currents have been extensively used in the context of sub-GeV Dark Matter (see for instance [40] [41] [42] ) and, more recently, for the generation of neutrino masses [43] .
Since in this paper we will focus on the case of heavy mediators (i.e. on the case of non-renormalizable interactions between the SM and the dark sector), we will not consider these currents in the rest of the paper. Moving on, non-trivial structures with both lepton and quark flavors appear at the level of d = 3, and these are the currents on which we will focus from now on. Of course, more currents with nontrivial flavor structure appear with d ≥ 4, but since their effects are suppressed by higher powers of Λ, we will not consider them in the remainder of the paper. It is interesting to count the number of parameters in the dark sector EFT, focusing on the d = 3 currents. For the fermion bilinears, the Wilson coefficients shown in Table 2 (EoM) of the hypercharge field (see Appendix A). This leaves us with a total of 46 independent currents to be probed above the EW scale.
Moving to the EFT below the EW scale, we use Dirac fermions to construct currents that are gauge singlets under SU (3) c × U (1) em . The possible currents up to dimension 3 are shown in Table 3 . The flavor symmetry is now SU
explicitly broken by fermion masses, leaving a total of 53 independent currents to be probed below the EW scale. Notice that we do not introduce right-handed neutrinos in the low energy EFT, and we leave unspecified the mechanism behind neutrino masses. As we did above the EW scale, we will focus in the following on the running and mixing of the d = 3 currents, again ignoring all possible renormalizable portals.
Our set up will be the following. We will assume the operators in Eq. (2.1) to be generated at some scale Λ, to be roughly identified with the mass of some flavorful mediator. We present in Appendix B some specific examples using models present in the literature, see Eq. (B.2). If Λ > Λ EW m Z , we will use the d = 3 SM currents presented in Table 2 , while if Λ < Λ EW we will use the d = 3 currents from Table 3 . In both cases, we will leave the flavor structure of the Wilson coefficients (C a ) ij completely generic. In the next section we will compute the running and mixing of such currents from the scale Λ at which the operators are generated down to E Λ EW . 
Renormalization group equations for the dark sector EFT
We start considering the EFT above the EW scale. To be explicit, the Lagrangian we consider is
where all the Wilson coefficients except C H are matrices in flavor space. To be conservative, we suppose that the same dark current is coupled to all the SM terms, but it is easy to extend the analysis to more general cases. Notice that we do not include the current ∂ ν B νµ since it is redundant (See Appendix A).
Since the dark sector is a gauge singlet of the SM symmetry, only the SM fields and interactions are involved in the computation of the RGE's. Here we take into ac- 
where Y ψ are non-diagonal Yukawa matrices, and we have defined the useful quantities and
Notice that all the equations in Eq. (3.2) contain a term proportional to T generated in the redefinition of the redundant operator. This term is a function of all diagonal elements of the Wilson Coefficients and implies that a coupling between the dark current and a lepton (or quark) current is generated even if not present at the scale Λ. This fact has been used in the last years to put bounds coming from hadron or lepton collider on leptophilic and leptophobic Dark Matter models [13] [14] [15] 44] .
We have explicitly checked that our results match with those of Ref. [14] once we restrict to flavor diagonal currents. Let us however remark that the contribution proportional to T is absent in flavor off-diagonal currents. In addition, we expect the largest flavor violating effects to appear on the RGE's involving the top-Yukawa coupling, i.e. those of the Wilson coefficients C i3
In the numerical solution of the RGE's (see Section 4) we will consider the running of both the gauge and Yukawa couplings at 1-loop as taken from Refs. [45, 46] .
Let us now turn to the RGE's below the EW scale, which we roughly identify with the Z boson mass. At this scale we integrate out the heavy fields W , Z, H and the top quark. The Lagrangian we consider is
where C Vu and C Au are 2 × 2 matrices in the up-type quark flavor space, while all the other matrices are 3 × 3 in flavor space. Notice that we are not considering the current ∂ ν F νµ since it can be redefined away using the photon equations of motion. The procedure to obtain the RGE's is as before. The corrections due to the wave function renormalization are now due only to strong and electromagnetic interactions, and again they cancel against the vertex corrections in Fig. 4 . What remains of the vertex corrections are the Fermi contributions, with flavor diagonal and off-diagonal contributions coming from neutral and charged current interactions, respectively. Again, we need to take care of the redundant current ∂ ν F νµ which is generated radiatively by diagrams similar to those shown in Fig. 3 (with a photon in the external leg instead of a B vector), eliminating it via the EoM of the photon field. Again, more details are shown in Appendix C. The RGE's are given by
where V is the CKM matrix, and we have used the definitions
The matrix M i is the diagonal mass matrix for the fermions of type i, and we have defined
(3.8)
The coefficients g V i = T 3 i − 2s 2 w Q i and g A i = −T 3 i are the vector and axial couplings (T 3 i is the third component of the isospin, Q i is the electric charge and s w is the sine of the weak angle), while the Fermi couplings G F f f are defined in Eqs. (A.5) and (A.6). It should be noted that, below the EW scale, not only the fermion masses run, but we need also to take into account the running of G F f f , and the running depends on the fermion type f and f involved, justifying in this way the fact that we do not write a unique Fermi coupling. We use Ref. [47] for the running of the masses, and show in Appendix D more details on the running of G F f f . Before closing this Section, let us comment on how the two theories match one into the other. More specifically, when the scale Λ at which the dark sector EFT is generated is above the EW scale, the operators of Eq. (3.1) run and mix according to Eq. (3.2) down to Λ EW m Z . At this scale, the operators must be matched onto the Lagrangian of Eq. (3.5) before continuing with the running of Eq. (3.6) down to low energies. This procedure was presented in detail in Ref. [14] and, since no new features appear once flavor off-diagonal currents are considered, we report here only the final result for convenience of the reader:
Notice in particular that the term induced by C H affects only the diagonal Wilson coefficients. In the following Section we will solve numerically the RGE's and show the numerical impact of turning on off-diagonal currents at the scale Λ.
Numerical results and possible applications
We turn in this section to the numerical solution of the RGE's presented in Eqs. (3.2) and (3.6). As already mentioned, in solving Eqs. (3.2) and (3.6) we not only take into account the EW threshold if needed, but we also consider the running of the gauge and Yukawa couplings (for the theory above the EW scale) and the running of the Fermi coupling and fermion masses (for the theory below the EW scale). We show in Fig. 5 the value of the Wilson coefficients at the EW scale as a function of Λ, considering the "flavor-democratic" initial condition (C a ) ij (Λ) = 1 , for all a, i and j . GeV As expected, the effect of the running is more important for the currents constructed out of top-quarks (with Wilson coefficients C 3i q L , C i3 q L , C 3i u R and C i3 u R , with i = 1, 2, 3) and for C H , in which the top Yukawa coupling enters. The result can be easily understood inspecting Eq. (3.2). In the limit in which only the top-Yukawa coupling is turned on, we have where again i = 1, 2, while for the diagonal Wilson coefficients they are
(4.4)
From these equations we get various important informations: (i) the off-diagonal Wilson coefficients can have a substantial running due to y t , (ii) the renormalization of the flavor-off-diagonal Wilson coefficients is always multiplicative, in the sense that there are no important flavor changing generated during the running to low energy, and (iii) while the running of the flavor-off-diagonal Wilson coefficients is irreducible, the running of the flavor-diagonal coefficients depends strongly on the correlations between the initial conditions of different Wilson coefficients. For instance, we see from Eq. (4.4) that had we considered "flavor-democratic" initial conditions without generating the Higgs current (C H (Λ) = 0), then the diagonal Wilson coefficients would basically not run. This is not true for the off-diagonal coefficients, that once turned on will run independently from the initial conditions of other coefficients. We stress that the analytical expressions of Eqs. Moving to the EFT below the EW scale, inspection of Eq. (3.6) shows that the RGE's depend on the Fermi coupling G F f f and on the electric charge e 2 . Both contributions are rather small, and from the practical point of view, all the Wilson coefficients remain basically constant in this energy range. We have confirmed numerically that this is indeed the case. We conclude then that the relevant running happens above m t , in the energy region in which the top-quark is still a dynamical degree of freedom. For mediators with mass above the EW scale coupling to the top quark, the effect of the running may be important and must thus be taken into account in the comparison with experiments. On the contrary, if the mediator is lighter than the EW scale, or if it does not interact with the top quark, the tree level predictions are usually a good approximation for the extractions of phenomenological bounds.
We conclude this Section with some phenomenological remark. Using Eq. (4.3) we see that the main effect of the running will manifest at low energy in observables related to the B mesons, i.e. involving the bγ µ (γ 5 )d and bγ µ (γ 5 )s currents. More precisely, the vector and axial coefficients at a scale µ m Z are given by with an analog results valid changing the order 3 ↔ i, and as usual i = 1, 2. This is important when the dark sector is light, in such a way that the decays b → s+invisible and b → d + invisible are kinematically allowed. These processes were studied in the context of dark sector phenomenology in Ref. [48] . As shown in this Reference, the bounds on the Wilson coefficients depend crucially on the nature of the dark particles appearing in the dark current. Given this model dependence, we will not explore this matter here. In addition, we remark that more flavor effects would be obtained once dark particles loops are considered, for instance generating contributions to the B mesons mass mixing. As shown in Ref. [37] in the context of flavor diagonal DM EFT, these effects can be important, but since they are model dependent, we defer their study to a future work.
Summary and conclusions
In this paper we have studied the running and mixing of operators of a dark sector EFT, under the hypothesis that the operators are generated by a heavy flavorful mediator. We have carefully computed the running above and below the EW scale and the matching due to the heavy SM particles. Our main results are shown in Fig. 5 and in the approximate analytic solutions of Eqs. (4.3) and (4.4). The most important effects in the running are generated by the top Yukawa coupling, and as such are present only above the top quark threshold. Once turned on at the scale Λ, the contribution of the running on the flavor-off-diagonal Wilson coefficients is irreducible, in the sense that, unlike what happens for flavor-diagonal coefficients, it does not depend on possible correlations between the Wilson coefficients at the scale Λ. From a phenomenological perspective, our results imply that the most important effect of the running and mixing is found at low energy in the currents constructed out of the left-handed down-type quarks b L γ µ d L and b L γ µ s L . If the dark sector is heavier than the B mesons mass scale, then the main effects will be due to loops of dark particles. If instead the dark sector is sufficiently light, the decays b → s + invisible and b → d + invisible may be kinematically allowed and can be used to put bounds on the Wilson coefficients. Since all these processes depend on the specific nature of the dark sector particles, we defer their study to a forthcoming publication.
where as usualH = iσ 2 H * . We stress that we do not commit to a fermion basis in which some of the Yukawa matrices Y u , Y d and Y e are diagonal. The equation of motion of the hypercharge vector field is particularly important, since it allows to define away a redundant current. It reads
Once the EW symmetry is broken by the Higgs vacuum expectation value (vev)
and all the states get non-vanishing masses, we integrate out the heavy fields. The SM Lagrangian in the broken phase (i.e. below the EW scale) results
where F µν is the photon field strength, while ψ represents any of the light Dirac fermions still present in the theory. We do not assume the existence of right handed neutrinos in the low energy spectrum, and we leave unspecified the mechanism behind their mass generation. Once the Z and W bosons are integrated out, we obtain two contributions for the four-fermion Fermi Lagrangian. The neutral current one reads
where Γ = γ µ or γ µ γ 5 as defined below Eq. (3.8). Although the notation G F f f seems redundant, we keep explicit track of the 'fermion indices' because, as we will show in Appendix D, different f and f correspond to different running for the coupling.
Turning to the charged current, the relevant contributions read
where V denotes the CKM matrix. The EoM of the photon field, used to eliminate the redundant operator ∂ µ F νµ is
with J em the usual electromagnetic current.
B EFT generated in specific models
Let us now show how some of the flavor models involving dark sectors present in the literature can be mapped to our formalism. We start with the situation considered in References [34, 49, 50] , which can be summarized via the interactions
The triplet of dark fermions χ i is chosen to be a gauge singlet, while the scalar mediator φ transforms under the SM gauge group as the quark to which it couples to. The same kind of interactions have been considered in Ref. [3] in the context of collider searches of Hidden Valley models. Taking the mediator to be heavy, we obtain at low energy
This shows that the combination of operators studied in this paper can be easily obtained in specific models.
C Computation of the Renormalization Group Equation
In this appendix we will present more details on the computation of the RGE's for the Wilson coefficients of the d = 3 currents appearing in Tables 2 and 3 . The final results have been shown in Sec. 3, with numerical solutions given in Sec. 4. We will always use dimensional regularization in d = 4 − 2ε dimensions, and use the MS scheme. Let us start by considering loop corrections above the EW scale. The counterterm Lagrangian L c.t. generated by the wave function renormalization (see Fig. 1 ) is given by
where C(2) and C(3) are, respectively, the SU (2) L and SU (3) c Casimirs for the fundamental representations, y i denotes the field hypercharge and we have used Eq. (3.3) for the definition of Y 2 q . The connection between renormalized and bare fields is now straightforwardly found:
Our results confirm the computation of Ref. [14] . Let us now turn to the computation of the counterterms due to currents corrections (see Fig. 2 ). For each Wilson coefficient C a , direct computation gives the counterterms
Notice that, in addition to the counterterms of Eq. (C.3), also the redundant operator ∂ ν B νµ is generated via the loops of Fig. 3, and 
We are now in the position of finally compute the RGE's of the Wilson coefficients C ϕ . Let us sketch the procedure. Writing ϕ (1 + W ϕ )ϕ bare for each field (with explicit expressions given in Eq. (C.2)), the bare Wilson coefficient is given in terms of the renormalized one by
(C.6)
The factor µ αε is inserted to ensure that all the renormalized Wilson coefficients C ϕ are dimensionless in d = 4 − 2ε dimensions. The coefficient α depends on the field content of the dark current J D , but we will not need to specify it as long as all the SM currents couple either to the same dark current, or to many dark currents of the same dimensions. Imposing dC bare ϕ /d log µ = 0 and using that, to leading order in the couplings, the RGE's have the form
we obtain the RGE's of Eq. (3.2) . For the running of the Yukawa and gauge couplings we use the results in References [45, 46] .
Let us now move to the EFT below the EW scale. The only contributions to the wave function renormalization of fermions come from QED and QCD. The counterterms are
where C f (3) is the SU (3) c quadratic Casimir, if the fermion has color, and Q f is the fermion electric charge. Notice that there is no flavor off-diagonal contribution. Turning to vertex corrections, we now have contribution from gauge bosons and from four fermion interactions (see Fig. 4 ). The vertex counterterms are
where we have used the definition of Eq. (3.8). As before, the redundant current ∂ ν F νµ is radiatively generated, and the corresponding counterterm results 
D Running of G F due to QCD and QED
Let us now discuss the running of the Fermi coupling below the EW scale. In addition to the wave function renormalization, we need to consider the diagrams shown in Fig. 6 . The results are independent on the flavor of the external fermions. Some of the vertex corrections will cancel against the wave function contributions (more specifically, those vertex corrections in which the gluon or photon connect particles in the same fermion line). The gluon 'crossed' contributions 1 generate the operators qΓ µ T aΓ µ T a q (D.1)
with a double insertion of Gell Mann matrices. These operators do not enter in the running of our currents, and we will therefore not consider them in the following. Notice however that their effect is important when the nature of the dark current is specified and dark fermions loops can be considered, as in Refs. [17, 37] . We are thus left with the photon 'crossed' loops, which are the only radiative effects that we need to take into account. Their effect is to produce the RGE
which has been used in the numerical computations of Sec. 4. Notice that the resulting RGE is independent on Γ µ and Γ µ . Quantitatively, the relative variation in the value of G F f f is of order of a few percent.
